A water supply system including radial wells (RWs) is usually large, extending several tens of kilometers horizontally and is dozens of meters deep. An RW is a vertical shaft with lateral screens, which radially penetrate the soil. A large and complex 3D finite element (FE) mesh also needs to include laterals with cross-sectional dimensions measured in centimeters. An adequate representation of lateral screens by line elements, with nodes coinciding with the 3D FE mesh nodes, is desirable in order to simplify modeling, render the computation efficient, and present the results in an easily readable form. Line elements are introduced for the lateral screens and accuracy of the results is analyzed. It was found that the domain size of an RW (or laterals) has a more pronounced effect on accuracy than mesh density. The authors' conclusion is that the concept of 1D RW lateral screens representation is adequate for practical purposes.
INTRODUCTION
Radial wells (RWs) installed by directional drilling can improve the characteristics of a water supply to treatment plants. They are usually placed in high-conductivity sand and gravel sediments beneath rivers. Water then flows from the river to the RW through the sand and gravel in the riverbed, where the concentration of suspended solids and dissolved micropollutants is reduced by filtration and dilution with groundwater (Ray et al. ) . This decreases the cost of final treatment and/or improves the ultimate water quality. An important step in evaluating the application of this technology is to predict the flow rates available from the RWs.
A groundwater flow analysis provides the spatial fields of flow potential (pressure) and fluid velocity for a given time. Complexity is significantly increased by the non-homogeneity of the porous soil, with layers whose conductivities can differ by several orders of magnitude. The layers can be geometrically irregular and have different thickness. In addition to these complexities, the RWs themselves represent singularity-type concentrated domains with high flow gradients in their vicinity. An RW is a long vertical shaft which has several (usually eight) lateral screens, or drains at the bottom, penetrating the soil in radial directions.
RW lateral screens represent a set of pipes with slots distributed along the screen circumference (perforated pipe).
Water flows into the lateral screen from the surrounding soil through the slots and into the bottom of the RW.
During the exploitation period the rate of ground water inflow decreases. This is because a layer of low-conductivity soil usually develops around the screens. Very often this phenomenon is called well ageing. Well ageing causes yield decrease of the whole groundwater source and therefore water supply, so that after some period of exploitation groundwater source must be renewed. Renewal process can be One of the first numerical models of a collector well was introduced by Ophori & Farvolden () . They initially used a one-layer finite element (FE) model and later replaced the collector well by three point sinks. Eberts & Bair () modeled regional flow to four collector wells in Columbus, Ohio.
They used a two-aquifer MODFLOW model and represented each collector by one grid cell of size 1,000 by 1,000 feet 
Modeling of fluid flow through a porous medium
The basic parameter in the modeling of fluid flow through a porous medium is the potential ϕ defined as
where p is the fluid pressure, γ is the specific weight, and h is the height in the vertical direction measured with respect to an adopted reference plane. Fluid velocity q, also known as Darcy's velocity, represents the fluid volume which passes over unit time through a unit area of the porous medium.
This velocity is related to the potential as
where K is the diagonal conductivity matrix. Then, the continuity equation for non-steady-state conditions can be written as
where k x , k y , k z are coefficients of the matrix K, Q is the volumetric flux, and S is the storage.
If there is a water surface, the points at which the condition
is satisfied are points on or below the water surface. General formulation of the conductivity matrix can be written as where the matrix K 0 is the matrix for points below the water surface.
The balance equation for a (3D) FE in the case of an incremental-iterative scheme (for non-steady-state conditions with a water surface, with conductivity coefficients dependent on potential) can be written as (Dimkic et al.
where 1D FE is introduced for modeling RW lateral screens, for which the element matrix is:
where L is the element length. It is assumed that the conductivities depend on the potential (as in Equation (5) In order to derive the equivalent conductivity for a radial element, Darcy's equation in the radial direction is used:
where k kol is conductivity of the colmated layer and v r is the velocity in the radial direction. The radial flow rate (mass flux) for the lateral screen segment, with length l ai and thickness δ i , is:
where dΦ=dr ð Þ ext corresponds to the external lateral screen surface. The radial gradient of the potential can be expressed as
, so that the above expression transforms into:
The flow rate through the radial line element which has the potential difference
where k i is the conductivity, A i is the cross-sectional area, l ri is the length, and K i is the equivalent conductivity of the radial 1D element. By equating the flow rate from the last two equations, the equivalent conductivity of the 1D element is obtained for the segment (line FE) of the lateral:
Now, we can write the balance equation for radial line element i (according to Equation (6)) as:
for any equilibrium iteration. It is important that the conductivity of the radial element does not depend on the length of the element, so that it can be a zero-length element. Therefore, for each screen segment there is an element with two nodes on the segment, one having the potential at the lateral screen surface, and the other with the potential at the axis of the screen.
Since the nodes of the FE mesh must be connected, one radial element is associated with the zero-length at each node along the lateral screen axis. The nodes of the lateral screen are then doubled (see Figure 2 (b)), coinciding spatially, one corresponding to the external surface of the screen (and therefore to the surrounding soil), and the other representing the screen interior. The flow rate associated with the radial element at node J takes half of the flow rates of the adjacent segments i and (i-1), i.e.
from which the equivalent conductivity follows:
VERIFICATION EXAMPLES
In this section, two models are used for accuracy assessment of the proposed 1D representation of RW lateral screens.
The first example is the model of a cylindrical domain, Steady state conditions are assumed.
The examination of the accuracy includes the following:
(1) influence of domain size (model radius) on solution accuracy; and (2) longitudinal mesh division effect on accuracy, when potential is constant or changes linearly along the cylinder's external surface.
Effect of domain size
The domain size is changed by varying the external radius.
The following radii are used (in m) : 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 . The boundary conditions are: (1) potential 100 m at the outer boundary of the cylinder; and (2) potential 50 m within the inner cylinder.
The relative flow rate difference between 1D model and 3D model solutions, in terms of the domain size, is shown in Figure 4 .
It is apparent that the domain size has a significant effect on solution accuracy. This is expected because the 1D model does not take into account the lateral screen interior as the external space with respect to the soil, and this difference between the two models is more pronounced for smaller R domain /R screen ratios.
Effect of longitudinal mesh division
Here we consider the domain whose external radius is equal to 50 m, with: (a) a constant potential along the cylinder axis equal to 100 m, and (b) a constant axial gradient along the external surface, with potentials 100 and 50 m at the front and back, respectively. In both cases the potential within the lateral screen is 50 m.
The relative error for several axial mesh densities (divisions 5, 10, 15 and 20) is shown in Figure 5 . As expected (since the flow does not change along the cylinder axis), the error does not depend on axial mesh density.
In the case of an axial gradient, the relative error of the 1D model in terms of the axial mesh density is shown in Figure 6 . It can be seen that now the error is slightly larger when the mesh is coarse in the axial direction.
When the number of elements is increased, the error approaches the value of approximately 6%. The relative flow rate difference between the 1D and 3D models for the six cases is shown in Figure 9 . It is apparent that accuracy increases with the length of the model relative to the lateral screen length. The size effect is analogous to that shown in Example 1 (Figure 4 ).
Here the analysis was performed on a model whose length is L ¼ 20 m. Other conditions were the same as above. The axial mesh density was varied and the flow rate was calculated for both 3D and 1D models.
Dependence of the relative error on the axial mesh density, expressed by the number of elements per meter, is shown in Figure 10 . It is obvious that the relative error shows no noticeable sensitivity to longitudinal mesh division.
As in the case of cylindrical model, computational times for 3D and 1D models in case of the axial gradient are shown in Figure 11 . The trade-off between the accuracy and computational effort for these models has the same character as for the cylindrical model.
MODEL OF WELL RB-7, BELGRADE GROUNDWATER SOURCE
In this section a numerical model is presented for a part of 
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